This paper describes the development of a lab-on-chip (LOC) device that can perform reliable online detection in continuous-flow systems for microorganisms. The objective of this work was to examine the performance of a fibre optic detection system integrated into a LOC device. The microfluidic system was fabricated using dry film resist (DFR), integrated with multimode fibre pigtails in the LOC. Subsequently, the performance of the fibre optic detection was evaluated by its absorbance spectra, detection limit, repeatability and reproducibility, and response time. The analysis was carried out using a constant flow rate for three different types of microorganisms which are Escherichia coli, Saccharomyces cerevisiae, and Aeromonas hydrophila. Under the experimental conditions used in this study, the detection limit of 1 0 × 10 5 cells/mL for both A. hydrophila and E. coli, while a detection limit of 1 0 × 10 6 cells/mL for S. cerevisiae cells were measured. The results also revealed that the device showed good repeatability with standard deviations less than 0.2 for A. hydrophila and E. coli, while standard deviations for S. cerevisiae were larger than 1.0. The response times for A. hydrophila, E. coli, and S. cerevisiae were 104 s, 122 s, and 78 s, respectively, although significant errors were recorded for all three species for reproducibility experiment. It was found that the device showed generally good sensitivity, with the highest sensitivity towards S. cerevisiae. These findings suggest that an integrated LOC device, with embedded multimode fibre pigtails, can be a reliable instrument for microorganism detection.
Introduction
In recent years, there has been an increasing interest in labs-on-a-chip (LOC) due to their versatility, ease of fabrication, and a multitude of applications in biosensing and analysis [1] . LOC have emerged as powerful platforms for detection of protein [2] , nucleic acids [3] , drugs [4, 5] , and hormones [6, 7] . LOC devices are very promising for health monitoring, detection of pollutants, environmental studies, and point-of-care (POC) clinical. The application of LOC devices to biology and medicine has significant impacts on a variety of new research directions [8] [9] [10] . LOC devices can allow efficient in-field detection; access to sophisticated laboratories is limited, expensive, and time-consuming [1] . Additionally, the device is a portable, user-friendly miniaturised device for on-site chemical analysis and useful in the medical technology field [11] . Furthermore, the device offers a way for greater throughput with higher sensitivity and resolution [12] .
Various methodologies of LOC fabrication have been widely adopted involving materials such as paper [13] , glass [14, 15] , polymers [16, 17] , and ceramic [18, 19] . The material chosen depends on the application, physicochemical properties of the analyte, biocompatibility, and possibly integration with other devices and materials [16] . One of the approaches in LOC development is dry film resist (DFR) where it is effective, reproducible, and cheap; has a less complicated fabrication process; and is easy to handle [20] .
Microfluidic technology was employed in microanalytical methods to achieve measurements or results of high sensitivity and high resolution. Its ability to be integrated with various novel detection techniques has made it versatile [21] . The most common detection methods used in conjunction with microfluidics are electrochemical such as amperometry [22] [23] [24] and optical such as absorbance [25] or chemiluminescence [26] . Optical components are typically fabricated from integrated waveguides and/or optical fibres [27] [28] [29] . However, the biggest challenges in the fabrication of optical components directly integrated into the LOC designs are the high cost, complex fabrication, low sensitivity, and bulky equipment. The use of DFR as microfluidic fabrication material can help solve these issues, and this has yet to be studied extensively.
In this work, we investigated the performance of free-space fibre optic detection in LOC for several microorganisms. The device consisted of two free-space multimode fibre pigtails for particle detection. This technology enables multimode fibre pigtails to be embedded into microfluidic for detection. The multimode fibre pigtails are aligned and sealed within microfabricated grooves perpendicular to the fluid channel.
Materials and Methods

Fabrication of LOC Devices.
Fabrication of microfluidic integrated with fibre optic was based on already reported procedures using dry film resist [30, 31] . The design of the microfluidic channel is shown in Figure 1 . The detection system is composed of two multimode pigtails which were connected to a UV-Vis spectrometer. The LOC system consisted of a single channel (4 cm length, 0.2 cm width, and an approximate height of 125 μm) and the detection reservoir having a 0.1 cm diameter. This chip was bonded with two multimode pigtails using UV glue. The detection could be employed as a part of the integrated LOC system as well as a single unit. In this study, we operated this detection unit as a separate chip.
2.2. Preparation of Microorganism. E. coli strains were grown overnight in Luria-Bertani (LB) Miller broth and on LB Miller agar at 37°C in a shaker with 150 rpm. After the inoculation process, the solution was transferred and centrifuged three times at 8,000 rpm for 3 min using a high-speed centrifuge. The supernatant was removed and replaced with distilled water after each centrifugation process. The centrifugation process was necessary to remove unwanted particle and to obtain a low and stable value of medium conductivity.
Dried yeast powder was used as the source of S. cerevisiae yeasts; 0.1 g of yeast powder was dissolved in 10 mL of distilled water (DI water) and kept in a water bath for 30 min to produce the live yeast solution. The live yeast solution was centrifuged at 8,000 rpm for 3 min using the high-speed centrifuge. The supernatant was discharged, and pallets were suspended by pipetting 10 mL of DI water.
Strains of A. hydrophila was grown on tryptic soy agar (TSA, Oxide), incubated overnight. The sample was harvested and washed using DI water by repeated centrifugation and replacement of the supernatant. The cells were centrifuged at 8,000 rpm for 3 min using the high-speed centrifuge. A concentrated cell suspension was then made by the addition of a small amount of deionized water.
Experiment Detail.
The schematic diagram of the integrated LOC device is shown in Figure 2 , with a spectrometer (JAZ, Ocean Optics, USA) as the light source and readout optics, syringe pump (Model MD-1001, Bioanalytical Systems Inc.), and a DFR microfluidic chip containing a multimode fibre optic. The spectrometer was connected to a personal computer and was controlled using the SpectraSuite program. The absorbance unit of distilled water was used as the reference point for microchannel reading. The sample was then injected to the microchannel through inlet tubing using a syringe pump. The absorbance spectra (AU) of the sample as a function of time for continuous wavelength were recorded for the different microorganisms.
2.4. Detection Limit. To test the detection limit, 10 mL of sample was taken from the nutrient broth solution and added into a bottle. It was then centrifuged and the supernatant was removed, and then 10 mL of distilled water was added into the bottle and centrifuged again twice. The sample was diluted several times to obtain the sample with different but lower concentrations. We used a control sample containing only deionized (DI) water as a reference. The and 1 1 × 10 8 cells mL -1 for E. coli and S. cerevisiae, respectively, were measured repeatedly after a day. Meanwhile, A. hydrophila concentration ranging from 4 1 × 10 6 to 6 7 × 10 6 cells mL -1 were demonstrated for repeatability experiment. The lowest concentration of A. hydrophila solution was measured repeatedly over the course of a day. Centrifugation was done for each concentration 3 times, and the supernatant was removed. Then, distilled water was added to each concentration.
Response Time.
The method of sample preparation was similar to the reproducibility test. Different concentration samples for each species were prepared and used for the analysis of response time. Each concentration was centrifuged three times, and the supernatant was removed. After that, distilled water was added to each bottle to suspend the pallet.
Results and Discussion
3.1. Absorbance Spectra. Absorbance spectra of E. coli are plotted in Figure 3 to highlight the specific wavelength range. The observed absorbance spectra are typical for E. coli, and a significant peak can be seen from the absorbance spectrum of each concentration. It can be seen that E. coli cells absorbed the wavelength at the range of 300-310 nm. These results support the previous research which showed a similar wavelength peak [32] . This outcome is contrary to that of Faghfuri et al. who found the wavelength to peak around 620 nm [33] .
A graph of the absorbance spectra of different concentrations of S. cerevisiae is shown in Figure 4 . The figure shows that the S. cerevisiae cells absorbed the wavelength at the range of 410-435 nm. These are typical absorbance spectra of S. cerevisiae cells and, in general, are different compared 3 Journal of Sensors to the trend observed previously for E. coli cells. The spectra are also similar to those observed in earlier studies, showing a wavelength peak for S. cerevisiae at 427 nm [34] . Figure 5 shows the graph of absorbance spectra against the wavelength for different concentrations of A. hydrophila cells. This is typical of absorbance spectra of A. hydrophila. Generally, it was seen that the absorbance peak increased with increasing absorbance. In view of the results obtained, A. hydrophila absorbed at the wavelength range of 325-345 nm. These results seem to be consistent with other researchers, which found the wavelength peak for A. hydrophila to be within this wavelength range [31, 35] .
3.2. Detection Limit. The detection limit can be obtained when a further decrease in concentration does not cause a significant decrease in absorbance value. In this case, the detection limit is described in terms of the concentration of the microorganisms and is calculated according to the IUPAC recommendation [36] . From Figure 6 , it is observed that below the concentration of 1 8 × 10 5 cells mL -1 , the absorbance value of E. coli cell did not show any considerable change. Further experiment was done for concentrations , and no differences were observed. Hence, the detection limit of the microfluidic sensor towards E. coli is taken approximately as 1 0 × 10 5 cells mL -1 . From Figure 7 , it is observed that the difference in absorbance values of S. cerevisiae cells was small for concentrations between 4 5 × 10 3 cells mL -1 and 4 5 × 10 6 cells mL -1 , but notable differences were observed in absorbance values for concentrations greater than 4 5 × 10 6 cells mL -1 . Further experiment showed that the absorbance values within this range were very similar. Hence, the detection limit of the microfluidic device towards S. cerevisiae is taken to be at 1 0 × 10 6 cells mL 
Repeatability and Reproducibility.
Repeatability is the ability to produce duplicate measurement of the same sample under the same condition, while reproducibility is the ability to produce an identical measurement of the same sample at Figure 9 shows the graph of absorbance against time for different concentrations of E. coli. For each concentration, an equal volume of the sample is then immediately added to the microfluidic using a syringe pump. Table 1 shows the standard deviation of the absorbance values obtained for different concentrations of E. coli. There were little differences observed between each of the concentration as the standard deviation was less than 0.18. This indicates that the readings of absorbance are nearly the same for each concentration. As shown in Figure 9 , the peak values are nearly the same for each concentration of E. coli. This represents good repeatability of the measurement.
The evaluation for E. coli is also repeated for the concentration of 4 1 × 10 6 cells mL -1 in another day. This experiment is aimed at examining the reproducibility of the microfluidic sensor towards E. coli species. Figure 10 shows the absorbance values with standard deviations generated for E. coli. Here, the standard deviations were calculated from the four peak absorbance measurements. Numbers of peaks refer to the number of a trial that corresponds to the maximum absorbance. The figure showed significant standard deviation in all the readings obtained for reproducibility experiment, which is believed to have resulted from microorganism die-off rates and produce by-products during storage [37] . This could be attributed to poor storage of microorganism and insufficient centrifugation process [38] .
The graph of absorbance against time for different concentrations of S. cerevisiae is shown in Figure 11 . In these experiments, a similar volume of the sample was added and removed from the microfluidic channel using a syringe Journal of Sensors pump, as described in a previous experiment. Table 2 shows the standard deviation of the absorbance values obtained for different concentrations of S. cerevisiae. In comparison, the standard deviations for S. cerevisiae at different concentrations were greater than 1.0 and, therefore, greater than the standard deviation of E. coli. This significant discrepancy of peak values as shown in Figure 10 between S. cerevisiae and E. coli could be due to the size of microorganisms since S. cerevisiae (~8 micron) is bigger than E. coli (~1 micron). The results obtained were congruent with the previous work carried out by Sherman [39] . The evaluation for S. cerevisiae is also repeated for the concentration of 1 1 × 10 8 cells mL -1 in another day. The reproducibility test was carried out using a microfluidic sensor. The graph of absorbance against time is plotted in Figure 12 . The results of the reproducibility analysis showed significant errors mainly due to die-off rates and produce by-products during storage as previously mentioned.
The graph of absorbance against time for four different concentrations of A. hydrophila is shown in Figure 13 . For each concentration, the sample is added and removed from the microfluidic channel four times to observe the consistency of the peak absorbance value. Table 3 shows the standard deviation of the absorbance value obtained for different concentrations of A. hydrophila. In the view of the results obtained, the standard deviation for each of the concentration was lower than 0.11, indicating good repeatability of the result.
The experiment is repeated for the concentration of 4 6 × 10 6 cells mL -1 in the next day. This was to examine the reproducibility of the microfluidic sensor towards the A. hydrophila species. The error bar graph of A. hydrophila is shown in Figure 14 . A similar trend was observed in the error bar graph for all samples. The standard deviation of A. hydrophila increased when repeated with a similar concentration. This inconsistency may be due to inadequate periodic cleaning of microfluidic to prevent the residual cells from staying in the microfluidic. Hence, the flow rate 
Response Time.
Response time is the time taken for the sensor to change its output from its previous state to a value within a tolerance band of the new correct value such as 90% of the new correct value. For each species, four tests were performed with four different concentrations. These four tests are represented by four peaks on the graph of absorbance against time.
A graph of absorbance against time used to determine the response time for E. coli is depicted in Figure 15 . The graph was generated using the data at the wavelength range of 310 ± 10 nm and the response time was taken from the lowest to the highest absorbance. From the data, it is apparent that the four readings of response time from the low to high concentration were 143 s, 107 s, 93 s, and 143 s. Therefore, the response time of the microfluidic sensor towards E. coli is determined by taking the average of these four readings, which was 122 s. Figure 16 presents the graph of absorbance against time used to determine the response time for S. cerevisiae. The graph is generated using the data at the wavelength range of 435 ± 10 nm. The response times for S. cerevisiae are 93 s, 73 s, 65 s, and 80 s starting from the low concentration to the high concentration. Therefore, the average response time of the microfluidic sensor towards S. cerevisiae was 78 s.
The graph of absorbance against time at a wavelength of 343 ± 10 nm is presented in Figure 17 in order to determine the response time for A. hydrophila. From the graph, four readings of response time were, from low concentration to high concentration, 86 s, 87 s, 85 s, and 90 s. Therefore, the average response time of the microfluidic sensor towards A. hydrophila was 87 s.
This study has found that generally, the peak absorbance value increases when the concentration of the sample increases. There is an error that might come from the inconsistent flow rate and the time interval of adding samples to the microfluidic channel. The error is difficult to control as the sample was added to the channel manually. The average response time for all the samples was less than 2 minutes. Although the response time was generally higher than the results reported by other researchers [41, 42] , the results were still acceptable because some of the performance criteria were found to be better than the average performance of the previous works, such as the detection limit, repeatability, response time, and sensitivity. Overall, the presented results showed that fibre optic detection used in this integrated LOC can be used for the purpose of microorganism sensing at a satisfactory rate. 
Conclusions
The fabrication of integrated LOC with optical detection was successfully demonstrated in this work. The detection of microorganisms is based on absorbance and performed in continuous-flow systems. The integrated LOC presented here offers a new approach in fabricating low-cost LOC, involving a less complex fabrication process and possible integration of multimode fibre optic without the need for a spliced fibre. In addition, the integration of optical detection avoids the need for expensive readout optics.
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